Reperfusion ofischemic myocardium may accelerate necrosis of injured myocytes. To determine the role of neutrophil leukocytes in this process, we examined whether neutrophil depletion during reperfusion could modify infarct size in anesthetized dogs. The proximal circumflex coronary artery was occluded for 90 minutes and then reperfused for 2 hours via an extracorporeal circuit with either whole blood (n=11) or with blood depleted of neutrophils by leukocyte filters (n= 11). The leukocyte filters caused near-total neutropenia in blood reperfusing the ischemic myocardium (7±7 neutrophils/,pl compared with 2,551+317/,1d in controls, mean-SEM; p<O.OO1. Infarct size was measured by planimetry of myocardial slices stained with triphenyltetrazolium chloride (ITC), and the accuracy of TTC for identifying necrotic myocardium was verified by electron microscopy. The size of the ischemic risk region was the same in the control (41.6+1.0%) and neutropenic (41.8+2.1%) groups. Collateral blood flow to the risk region was the same in control (0.15±0.03 ml/min/g) and neutropenic (0.13 +0.03 ml/min/g) groups. Among dogs with collateral flow less than 0.2 mllmin/g, infarct size was reduced in the neutropenic group (27.7±6.7%o of risk region, n =8), compared with control dogs (52.5 +5.7%o; n=7; p=0.02). Multiple linear regression described the relation between infarct size, risk region size, and collateral flow in the control group, and the same regression relation was used to predict infarct size for the neutropenic group. Mean predicted infarct size in the neutropenic group (n=11) was 16.8±3.4% of left ventricle, whereas mean observed infarct size was 9.6+3.1% (p<0.01). The extent of the no-reflow zone (absence of thioflavin-S-fluorescence) was also less in the neutropenic than the control group (2.2+0.8% vs. 8.1+2.7% of the risk region, p <0.05). Neutropenia limited to the reperfusion period is associated with significant reductions in the extent of the infarct and no-reflow zones after 90 minutes of ischemia. These findings support the hypothesis that reperfusion necrosis occurs after prolonged myocardial ischemia and indicate that neutrophil leukocytes are important mediators of such reperfusion injury. (Circulation 1989;80:1816-1827 B arly reperfusion of ischemic myocardium after coronary occlusion can reduce the extent of necrosis'-3 and is associated with
improved left ventricular function and prognosis. [4] [5] [6] There is, however, increasing evidence that these benefits may be limited by reperfusion-induced necrosis of ischemic but potentially viable myocytes. 7, 8 Reperfusion injury has been attributed in part to a burst of oxygen free radical formation with subsequent lipid peroxidation and membrane damage.9 This hypothesis is supported by studies that demonstrate that infarct size can be reduced by treatment with free radical scavengers administered during ischemic and early reperfusion periods. 10-t5 Neutrophil leukocytes are a potential source of oxygen free radicals, which can be generated by the nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase reaction. '6-18 Although only a few neutrophils are present in normal or acutely ischemic myocardium, increasing numbers can be identified within the first few hours after reperfusion. 19 In humans, who have low levels of endothelial xanthine oxidase,20 neutrophils may well represent the principal source of oxygen free radicals in postischemic myocardium. In addition, neutrophils may also contribute to myocardial necrosis by plugging capillaries, resulting in persistent ischemia and the "no-reflow" phenomenon. [21] [22] [23] [24] A role of neutrophils in mediating myocardial necrosis during ischemia, reperfusion, or both is supported by previous studies showing that either neutrophil depletion25,26 or pharmacologic inhibition of neutrophil chemotaxis and function27-33 during ischemia can reduce infarct size. The extent of the no-reflow zone also appears to be reduced by neutropenia during ischemia and reperfusion. 22, 33 Despite these findings, the role of neutrophils in mediating reperfusion injury, as distinct from injury occurring during the ischemic period, remains unknown, since in nearly all previous studies the antineutrophil intervention was given before or during ischemia. Such a distinction is clinically important. Although neutrophil depletion during ischemia might be beneficial in the laboratory, the requirement for pretreatment is clinically impractical. If, however, neutrophils are responsible for extension of necrosis during reperfusion, reduction of neutrophil numbers or activity might indeed represent a feasible adjunct to thrombolytic therapy. We, therefore, examined the effects of neutrophil depletion, confined to the reperfusion period, on infarct size and the extent of the no-reflow zone after 90 minutes of coronary occlusion in anesthetized dogs. Methods Instrumentation Thirty-one mongrel dogs of either sex, weighing 20-25 kg, were anesthetized with intravenous sodium thiamylal (12.5 mg/kg) and intramuscular a-chloralose (14 mg/kg) in urethane (136 mg/kg) and ventilated with air and supplemental oxygen.
Arterial blood gases were monitored to confirm that arterial oxygen saturation remained above 90%. Catheters were placed in the left femoral vein for maintenance infusion of fluids, the descending aorta via the left femoral artery for pressure measurement (Statham P23Db) and microsphere reference sampling, and the right internal carotid for subsequent extracorporeal perfusion of the circumflex coronary artery.
The heart was exposed by a thoracotomy in the fifth left intercostal space and suspended in a pericardial cradle. A polyvinyl catheter was placed in the left atrium for pressure measurement and microsphere injection. The circumflex artery was then exposed for 10 mm proximal to the first large marginal branch, and a black silk suture was loosely placed around the artery. Lead II of the electrocardiogram was monitored throughout the study, and for controlled reperfusion of circumflex artery. In the neutropenic group, four leukocyte filters were included in the perfusion line between the roller pump and the pressurized arterial reservoir. The sampling port was used to obtain serial blood samples for hematology, measurements. Circumflex flow was measured by an electromagnetic flow probe (EME), and perfusion pressure was measured at the circumflex cannula tip.
all hemodynainics were continuously recorded on chart paper (Gould Brush 200).
Experimental Protocol
Each dog was randomized to control or neutropenic groups before coronary occlusion. Initial measurements were made of resting hemodynamics, and the proximal circumflex artery was then ligated for 90 minutes. Collateral blood flow to the ischemic region was measured by left atrial injection of 2 million radionuclide labeled microspheres (Sc-46, Du Pont, Billerica, Massachusetts) during the last 5 minutes of occlusion, with reference sampling from the femoral artery. 34 No antiarrhythmic drugs were administered during the experiment. Those dogs that developed ventricular fibrillation during coronary occlusion or reperfusion were defibrillated by low-power (15 J) direct cardioversion, but any dog that required more than three cardioversions was excluded from the study. At the end of this ischemic period, the circumflex artery was cannulated and perfused via an extracorporeal circuit ( Figure 1 ).
After anticoagulation of the dog with 10,000 units heparin i.v., blood was pumped (Sarns roller pump) from the carotid artery to a reservoir, which was pressurized with compressed air and enclosed in a water bath warmed to 370 C. As the circuit was primed with blood from the subject dog, intravascular volume was replaced with 500 ml blood from a donor dog (eight control dogs and eight neutropenic dogs) or with 500 ml 10% dextran in 0.9% saline (Pharmacia Ltd, Uppsala, Sweden) (five control dogs and four neutropenic dogs). Blood leaving the reservoir passed through a calibrated, cannulating electromagnetic flow probe with a sine wave flowmeter (Biotronix BL613, Kensington, Mary-land) before entering the circumflex artery via a short stainless-steel cannula (3.0 38 After TTC staining of six of the hearts (three control and three neutrophil-depleted), multiple biopsies (50-150 mg) were taken from both the infarcted and noninfarcted areas of the risk region and frozen at -70°C. Subsequently, the activity of the neutrophil specific enzyme, myeloperoxidase, was measured by previously described methods. 39 
Data Analysis
Color slides of the transverse heart slices were projected and traced on clear acetate sheets without knowledge of their assignment to control or neutropenic groups. The areas of the ischemic risk region and infarcted myocardium were determined by digitized planimetry of the corresponding areas on these tracings. The extent of the no-reflow region was determined by planimetry of the tracings made under ultraviolet light immediately after excision of the heart. Infarct size and the size of the no-reflow region were then standardized as a fraction of the risk region for each heart.
Hematologic and hemodynamic parameters during ischemia and reperfusion in each group were compared by repeated-measures analysis of variance. Comparisons of infarct size in the control and neutropenic groups were made by Student's t test for both whole groups and specifically for the 15 dogs with more severe ischemia (defined as mean transmural blood flow of less than 0.20 ml/min/g).
The relation between the dependent variable of infarct size as a percentage of the left ventricle, and the independent variables of risk region size and collateral blood flow during ischemia was determined by multiple linear regression analysis. 40 The effect of neutropenia on infarct size was examined by calculating a predicted infarct size, based on the multiple linear regression of the control group, for each heart in the neutropenic group. The predicted and observed infarct sizes in the neutropenic group were then compared by analysis of covariance. 41 Results are given as mean±SEM, and ap value of less than 0.05 is regarded as significant.
Results

Study Group
During the period of coronary occlusion, nine dogs developed ventricular fibrillation, of which three were resuscitated. Among the 25 dogs surviving the ischemic period, 12 had been assigned to the neutropenic group and 13 to the control group. During the early reperfusion period, 11 dogs developed ventricular fibrillation (six neutropenic and five control), of which one neutropenic and two control dogs could not be resuscitated. Data are, therefore, reported for 11 neutropenic and 11 control dogs. Neutrophil Depletion
The hematocrit levels, platelet counts, and neutrophil counts were similar in the two groups during basal conditions before coronary occlusion ( Table  2) . Passage of blood through the extracorporeal circuit did not significantly alter neutrophil, monocyte, eosinophil, or leukocyte counts in the control group, but there was a mild reduction in platelet count. However, in the filter group there was near total neutropenia (7+9/l, p<O0.001 vs. control) and severe thrombocytopenia (6+1 x 1O3/,ul,p<0.001 vs. control) in blood perfusing the circumflex region. The filters also markedly reduced monocyte, eosinophil, and lymphocyte counts. Severe neutropenia and deficiency of other leukocytes persisted throughout the 2-hour reperfusion period in the filter group, although there was a small increase in neutrophil and other leukocyte levels by 2 hours. Significant systemic neutropenia was also observed in the filter group throughout the reperfusion period. The hematocrit was similar in the two groups during the study, but there was a fall in hematocrit in both groups during reperfusion, reflecting requirements for maintenance intravenous infusion of dextran and saline to preserve stable hemodynamic conditions during extracorporeal coronary perfusion.
In biopsies taken from infarcted areas (TTCnegative), mean myeloperoxidase activity was reduced in the neutropenic dogs (0.105 +±0.02 units/ 100 mg) compared with controls (0.287+0.08 units/ 100 mg, p<O.05). Myeloperoxidase activity was also reduced in biopsies taken from noninfarcted (TTC = positive) tissue within the risk region in neutropenic dogs (0.075±0.03 units/100 mg) compared with controls (0.308±0.10 units/100 mg, p<O.05). Mean myeloperoxidase activity in nonischemic myocardium averaged 0.029±0.006 units/ 100 mg.
In the control group, there was no reduction in C3 titer during passage of blood through the perfusion circuit, with 96+9% of the systemic C3 titer being present in blood entering the circumflex artery. In contrast, after passage through the neutrophil filters, the C3 titer was only 53+±5% of systemic levels (p=O.OO1 vs. control). Similarly, the C5 activity in blood perfusing the circumflex artery tended to be lower in the neutrophil filter group (88+14% vs. 67+9%, p=NS).
Hemodynamics
Hemodynamic parameters during the occlusion and reperfusion periods are summarized for the control and neutropenic groups in Table 3 . There were no significant changes in heart rate during the experiment in either group. However, in both groups there was a decline in mean aortic pressure during coronary occlusion and a further decrease during reperfusion. Mean aortic pressures at each stage of the experiment were similar in the control and neutropenic groups. Mean circumflex perfusion pressure did not differ between the two groups, except during initial reperfusion when a lower proximal coronary pressure and higher circumflex flow were observed in the neutropenic dogs. Circumflex coronary flow remained slightly higher in the neutropenic group throughout the reperfusion period, but the differences were not statistically significant.
During occlusion of the circumflex artery, mean collateral blood flow to the risk region was 0.15 +0.03 ml/min/g (range, 0.02-0.35 ml/min/g) in the control group and 0.13+0.03 ml/min/g (range, 0.01-0.35 ml/min/g) in the neutropenic group (NS).
Ultrastructural Correlation of TTC Staining
In both groups, the TTC-positive areas of myocardium within the risk region showed either normal ultrastructure (grade 0) or intact myocytes with mild cellular edema, mild mitochondrial swelling, and moderate loss of glycogen (grade 1 injury) (Figures 2 and 3) . The sarcolemma was intact and the myofibrils were normal in all specimens, consistent with reversible ischemic injury. Only one of the 11 samples from TTC-positive areas demonstrated more severe ultrastructural changes, with mitochondrial amorphous dense bodies (grade 2 injury) consistent with irreversible necrosis (Figures 2 and 3) . In contrast, in the TTC-negative areas of the risk region, the samples generally exhibited numerous mitochondrial densities and marked sarcolemmal disruption and myofibrillar contraction bands consistent with irreversible ischemic injury (Figure 2 
Infarct Size
The proportion of the left ventricle involved in the ischemic risk region was the same in the control (41.6+1.0%) and neutropenic (41.8+2.1%) groups (Figure 4, upper panel) . Comparison of the whole groups indicated that the percentage of the risk region exhibiting infarction was less in the neutropenic group (21.4±5.8%) than in the control group (36.7+7.6%), but the difference was not significant (p=0.12). However, four control and three neutropenic dogs had relatively high collateral flows (>0.2 ml/min/g) and as result exhibited little infarction (typically less than 5% of the left ventricle and confined to small subendocardial regions). In those dogs with collateral flow of less than 0.2 ml/min/g (Figure 4 , lower panel), infarct size in the neutropenic group (27.7±+-6.7% of risk region, n=8) was significantly less than that in the control group (52.5 + 5.7%, n = 7, p=0.02). In these dogs, infarct size was 12.4±+ 3.0% of the left ventricle in the neutropenic group compared with 22.4±2.9% in the control group (p<0.05). Neutrophil depletion during the reperfusion period was, thus, associated with an approximate 40% mean reduction in infarct size.
Infarct size was inversely related to collateral blood flow in both control and neutropenic groups ( Figure 5 ). The overall relation between collateral flow and infarct size appeared curvilinear, and a greater proportion of the variance in the relationship was accounted for by a log-linear regression model (control, r2=0.82; neutropenic, r2=0.72) than by a linear regression model (control, r2=0.73; neutropenic, r2=0.56). Over a wide range of collateral flows, the neutropenic group exhibited a lesser degree of infarction than did the control group, and the difference was most evident for dogs with low collateral flows. Analysis of covariance indicated that the relation between infarct-risk and collateral flow in the neutropenic group (y= -16.5 lnx-17.5%, r= -0.85) differed significantly from that of the control group (y=-24.2 lnx-20.8%, r=-0.91, p=0.03).
The extent of the no-reflow region was also less in the neutropenic group than in controls (2.2±0.8% vs. 8.1±2.7% of risk region,p<0.05). The extent of the no-reflow region was directly related to infarct size. However, the size of the no-reflow zone for a given infarct size in the neutropenic group (y=O.llx-0.09, SEE=1.6%, r=0.81) was significantly less than in the control group (y=0.28x-2.24, SEE=5.6%, r=0.80, difference in slopesp=0.03).
Predictors of Infarct Size
Multiple linear regression analysis confirmed that risk region size and collateral blood flow during proximal circumflex artery occlusion were the major predictors of infarct size in the control group. The overall relation was y=0.27x1-23.8 lnx2-19.2%, r=0.94, p <0.005, wherey=infarct/LV,x=risk/left ventricle, andx2=collateral blood flow. This regression equation was used to calculate a predicted infarct size for each animal in the neutropenic group ( Figure 6 ). Covariance analysis confirmed that the relation between predicted and observed infarct sizes in the neutropenic group differed from the control group (p=0.05). The mean predicted infarct size in the neutropenic group was 16.8+3.4% of left ventricle, which was similar to the observed value of 15.6+3.4% in the control group. For the dogs in the neutropenic group, the observed infarct size was less than the predicted size, although the amount of the reduction was variable (Table 4) . Neutropenia was associated with a mean salvage of 17.5 +3.9% of the risk region, with a range of 1.8% to 41.0%. The dog with the least preservation of myocardium (dog 8) was the only dog to have any detectable neutrophils in the circumflex arterial blood at the moment of reperfusion (80/gl). One other dog (dog 4) exhibited little reduction in infarct size, and this dog had high levels of myeloperoxidase activity in both the infarcted and noninfarcted risk region (59% of the level in the control animals and 3.5-fold higher than the levels in the other two neutrophildepleted dogs examined).
Discussion
Although early coronary reperfusion can salvage jeopardized myocardium after prolonged myocardial ischemia, there is evidence that reperfusion may also have deleterious consequences and may cause necrosis of ischemic but reversibly injured myocytes.7, 8 The present study, which shows that infarct size is reduced significantly by neutrophil depletion limited to the early reperfusion period, strongly suggests that "reperfusion necrosis" is indeed a significant contributor to final infarct size and that neutrophil leukocytes are important mediators of this phenomenon.
Many studies have examined the role of neutrophils in the pathogenesis of myocardial infarction. 44 The important difference between these previous reports and the present study is that we limited neutropenia to the reperfusion period. Throughout the preocclusion period and the entire 90 minutes of ischemia, circulating neutrophil levels were similar in the control and treatment groups. It seems reasonable to assume that neutrophil levels in the myocardium were also similar in the two groups during the period of coronary occlusion. Despite this, the reduction in infarct size observed in the present study is similar to that documented in the are pulled apart from the z-lines (z). Mitochondria (m) magnification, x25,500). earlier studiesT26%27,29,3245 This suggests that a major contribution of neutrophils to myocyte necrosis occurs during early reperfusion rather than during the ischemic period. This conclusion is supported by the findings of Mullane and Moncada,31 who showed that administration of the lipoxygenase and cyclooxygenase inhibitor BW755C, during the reperfusion period only, significantly reduced infarct size in anesthetized dogs.
In the present study, care was taken to account for differences in the size of the risk region and degree of collateral blood flow when comparing infarct size between the control and neutropenic groups. There is an inverse relation between collateral flow and infarct size,43-46 as observed in the control animals. In accord with a previous study from our laboratory, which examined effects of superoxide dismutase on infarct size, the limitation of infarct size in the neutropenic group was most evident in dogs with low collateral blood flow to the risk region,12 and similar findings have been reported by other investigators. 45 The use of tetrazolium staining to measure infarct size after a short period of reperfusion has been are swollen with large matrix densities (arrows) (original criticized on the grounds that TTC may artifactually stain tissue that is irreversibly injured.47 If this were the case, the infarct-to-risk region ratio in the control group should be less than that observed after prolonged reperfusion. However, the relation between infarct size and collateral flow in the controls was similar to that observed after 4 days reperfusion in other studies with either TTC48 or histologic47 measures of infarct size. Furthermore, the ultrastructural findings in the present study confirmed the validity of TTC in differentiating necrotic and reversibly injured myocardium after 2 hours of reperfusion.
There are several possible mechanisms by which neutrophils could cause reperfusion necrosis, including lysosomal proteolysis,49 oxygen free radical formation, 16-18 and vention of such microvascular occlusion may, thus, represent another mechanism by which neutrophil depletion can reduce reperfusion injury. Neutropenia was produced in this study by mechanical filtration rather than antiserum to avoid the potentially harmful effects of neutrophil vascular margination. Although the absence of neutrophils was probably the key factor responsible for the reduced infarct size, the filters also produced significant thrombocytopenia. Platelets could theoretically contribute to reperfusion injury by releasing vasoactive and chemotactic substances and producing microvascular plugging. However, the histologic studies of Engler et a122 found no evidence of platelet plugs in reperfused myocardium. oxidase levels. It is unknown whether a further reduction in infarct size could be achieved by additional treatment, such as combined neutropenia and free radical scavengers, or whether the approximately 40% reduction in infarct size observed in this study represents the limit of reperfusion necrosis. Finally, although mechanical filtration of neutrophils is impractical for clinical use, recent reports suggest that infarct size can be effectively reduced by inhibition of neutrophil chemotaxis with monoclonal antibodies directed against a membrane adhesion protein (Mac-1).62,64 If this approach proves to be as effective as neutrophil depletion, it may represent an important adjunctive treatment for patients with acute myocardial infarction undergoing reperfusion therapy.
